Introduction
Operating Tokamak at a high poloidal beta β μ ( = ) p B 2 / p 0 p 2 value is usually attractive and this makes the spherical tokamak an interesting choice for future fusion reactors [1] [2] [3] . Plasma pressure is expressed as
where ... denotes volume averaged and B p is the poloidal magnetic field averaged over the last closed flux surface. Operating a tokamak at high β p , utilizes a larger fraction of bootstrap current, which may reduce large external current drive requirements and possibly produce better confinement properties due to modified equilibrium scenarios [4] [5] [6] [7] . For attaining a high β p plasma, it is known to utilize an external source to heat the bulk Maxwellian component of the plasma [8, 9] or to create a confined anisotropic population of energetic particles [10, 11] . It is also proposed to operate in a shaped configuration to increase β p [12] . High β p plasma has previously been produced by injecting multi-megawatt NBI power to Ohmic plasmas in different machines [9, 13, 14] . The maximum achievable β p , however, is limited by a so called equilibrium limit, where an inboard poloidal magnetic field null (IPN) appears at the high field side of the vacuum vessel. Although it is predicted and studied theoretically in much detail [15] [16] [17] , such an extreme situation is rarely achieved experimentally or it has been found extremely difficult to sustain such an equilibrium. There is also the concept of flux conserving tokamak (FCT) equilibrium [18, 19] , where it is proposed that if the magnetic flux can be conserved during rapid enough heating of a low pressure plasma, it is possible to avoid any high β p limit. FCT theory also suggests that in such case no field null can appear inside the plasma. Nevertheless, such theoretical prediction has not been demonstrated experimentally and occurrence of a β p limit and field null (IPN) formation continues to be a subject of discussion. The natural IPN configuration has been first observed transiently in CDX-U and DIII-D during the current ramp-up and closed flux formation phase [20] , but detailed study of neither the equilibrium parameters nor the effect of external magnetic field on the IPN formation are performed. In TFTR [21] [22] [23] , an IPN at the inboard side in high β p plasma formed by ramping down the plasma current (I p ) in a NBI heated plasma is considered to be the first experimental demonstration of a high β p limit sustained for 0.5 s. Such high β p plasma production and sustainment required very high NBI power. Recently transient null formation has also been reported during the current ramp up phase of EC driven plasma in TST-2 [24] , however, the equilibrium is not sustained. In short, high β p induced IPN plasma formation in a tokamak is not a frequently observed phenomenon and it needs to be studied in detail. In QUEST, such an IPN configuration is easily achieved under a high magnetic mirror ratio [25] and high B z /B t values (≈10%) via electron cyclotron (EC) heating and current drive. B z and B t are externally applied vertical and toroidal magnetic fields, respectively. The typical IPN plasma is of rather low density (~10 17 m −3 ) with significant dominance of energetic electrons generated by the EC waves and is far from the usual tokamak operational regime. Nevertheless, the present work is primarily focused on the investigation of equilibrium aspects of high β p IPN plasma close to the equilibrium limit and not it's performance in comparison to the mainstream tokamaks, at least at present.
In this paper, we present the experimental demonstration of a high β p induced IPN plasma configuration formed naturally and self sustained in steady-state in a fully non-inductively driven plasma current. Here we emphasize the term 'naturally' to distinguish the present configuration from the usual divertor configurations obtained by the use of shaping coils. The natural null formation at the inboard side is a consequence of the equilibrium β p limit, which is studied in this work. Because of a uniquely stable and sustained equilibrium configuration, its various equilibrium features, null formation phases and response to external magnetic fields could be investigated. We found a critical value of β p , which defines a natural transition boundary from an inboard limiter (IL) to an IPN configuration. A very similar phenomenon of IL to IPN transition is also achieved in EC overdriven Ohmic plasma at controlled I p to confirm that such transition is a consequence of a high β p equilibrium limit. It is further demonstrated that, during this transition at high β p , the plasma shape adjusts itself to become more negatively triangular to sustain a high β p equilibrium. Formation of the negative triangular shape is a new feature of plasma self organization in addition to the previously observed [21] reduction in elongation of the plasma boundary in an IPN plasma. A simple analytical formalism as a solution to the Grad-Shafranov equation is adopted and the self organization features of IPN plasma equilibria are explained consistently.
The outline of the paper is as follows: device description and experimental details are discussed next. Production and sustainment of IPN equilibrium in fully non-inductively driven plasma current and an EC overdriven Ohmic plasma are presented in section 3. Section 4 deals with the self organization of this negative triangularity equilibrium. An analytical model description for an IPN plasma and different equilibrium parameters are discussed therein. Conclusions and future works are summarized in section 5.
Description of the QUEST device
QUEST is a medium sized spherical tokamak [26] with the major and minor radii of 0.68 and 0.4 m, respectively. The center stack (CS), which holds the Ohmic (OH) and toroidal field coils has an outer diameter of 0.4 m and the outer wall of the vacuum vessel is at R vout = 1.4 m. There are flat divertor plates at z ~ ±1 m from the mid-plane. These plates are used for single null / double null configurations in QUEST. In the present experiment, these flat plates serve as a protector to terminate open field lines outside the confined plasma. The inboard plasma boundary is defined by a set of water cooled tungsten limiters on the CS at R cs = 0.22 m and these limiters help to remove excess heat load caused due to separatrix strike points in the IPN configuration. Working gas is either Hydrogen or Helium or both, supplied from electrically controlled piezo valves located on the CS or the outboard side. Plasma is initiated by fully non-inductive EC or EC assisted Ohmic discharge schemes. The EC system consists of two toroidally opposite 8.2 GHz Klystron systems (2 × 8 × 25 kW) corresponding to the fundamental resonance at R fce = 0.29 to 0.55 m in off-axis or on-axis heating scenarios. An additional 28 GHz 0.6 MW Gyrotron system is also available as a second harmonic off-axis start up and current drive system [27] . Four pairs of poloidal magnetic field (PF) coils generate different curvatures of field lines characterized by the magnetic mirror ratio M = B t_end / B t_start , along a field line, where B t_start and B t_end are B t at starting (usually midplane z = 0) and terminating points on a particular B z field line, respectively. In QUEST higher M is favorable [25, 28, 29] in confining energetic electrons generated at EC resonance layers in creating initial plasma current (I p ) before formation of the closed magnetic flux surfaces. This initial seed current is enhanced with suitable ramping up of the B z strength, which enhances the trapped electron energy and fraction. Finally, closed flux surfaces are formed at I p ⩾ 5 kA. Discharge fill pressure in the vessel is set in the range of 1-5 × 10 −3 Pa with additional gas puffs injected from piezo valves to maintain density. Line averaged density usually remains of the order of 10 17 m −3 , which is less than the cut-off density (8.6 × 10 17 m −3 ) for 8.2 GHz EC waves (ECW) and the electron temperature is in the range of 100-600 eV depending on the injected RF power and gas puff. Various diagnostics are employed in QUEST, particularly 64 flux loops to determine plasma position and shape, Hard x-ray monitors for measuring energetic electrons, microwave interferometer for chord integrated density at the mid plane, a tangential visible camera and a 25 channel fiber based visible spectrometer for rotation measurement. Locations of these diagnostics are indicated in figure 1 . Various geometrical parameters of the vacuum vessel and plasma shape are defined as follows. Aspect ratio of the vessel is defined as Parameters R in and R out are defined as the inboard and outboard edges of plasma as defined by the last closed flux surface. In the case of IL plasma R in = R cs , whereas for IPN configuration R in corresponds to poloidal magnetic field null defined by the separatrix. These definitions are shown in figure 1 and will now be dealt in the rest of the paper.
High β p equilibrium with IPN configuration
We report high β p plasma formed in two distinct experimental conditions. One is fully non-inductive start-up and sustainment with fundamental off-axis ECH/CD effect and using two pairs of PF coils, namely PF31-51 and PF32-52, where I p is allowed to evolve self consistently without any external control. The other is EC overdriven Ohmic plasma at constant I p with the help of an external feedback circuit, where all four sets of PF coils are used to control the plasma equilibrium. These are discussed in the following subsections.
Fully non-inductive IPN plasma
In fully non-inductive (NI) start-up, Hydrogen/Helium plasma is started up by the two 8.2 GHz EC systems from two phased array antennae (PAA) [30] located at the low field side. The toroidal magnetic field is set as 0.29 T at the major radius, R fce = 0.33 m corresponding to the fundamental resonance for the 8.2 GHz frequency. It is earlier demonstrated [25] in QUEST that, under a high mirror ratio (curvature of B z ) and high B z /B t ~ 10%, fast I p ramp up and its sustainment is possible. A high B z of 20 mT at R fce is thus applied 0.5 s prior to the EC breakdown phase and is kept constant throughout the plasma discharge. No inductive field is used to ramp up I p . Owing to the magnetic field curvature at R fce and R 2fce (second harmonic), a better confinement of trapped energetic electrons produced at resonance layers due to multiple ECR interaction is anticipated. The current start-up is dominated by confined hot electrons generated, with energies up to several hundreds of keV as measured by Hard x-ray (HXR) diagnostics [31] . I p is initiated instantaneously with EC injection and attained the −20 kA level in less than 0.14 s with dI p /dt ~ 0.14 MA s −1 . The direction of I p is defined as per the right handed cylindrical coordinate system and negative I p means in the direction clockwise as seen from the top of the torus. I p in this case is driven entirely by ECWs without any inductive field as evident from the measured loop voltage V L = 0 (figure 2).
We evaluate β β * = +l / 2 i p p from the generalized Shafranov equation for radial force balance for the equilibrium vertical magnetic field [32] 
where l i is the internal inductance of plasma and is assumed to be unity wherever β p is calculated in this work. The plasma boundary is computed from magnetic flux contours reconstructed from 64 flux loop measurements as per the procedure described in [33] . It may be noted that, the non-thermal component of β p i.e. β p hot is the dominant term in equation (1), particularly due to well confined energetic electrons in high M configurations. It can be seen from figure 2 that, R in , which indicates the inboard separatrix, reaches up to 0.45 m in the very beginning of the discharge corresponding to the transient peaking of β * . p Magnetic flux surfaces reconstructed for the same discharge at three different time slices are also shown in figure 2. It can be clearly seen that plasma is bounded by a natural separatrix at the inboard side and the separatrix is moved to R = 0.45 m. This R in position corresponds to the poloidal magnetic field null and this configuration is coined as IPN. As the I p is increased further, a quick reduction in β * p is observed and the plasma configuration is transformed from IPN to IL at 2.5 s. Nevertheless, after 6 s β * p again shows a steady increase up to a value of 4 towards the end of the discharge as a result of the steady decay in I p . At 10 s, plasma is thus transformed again from IL to IPN. In the discharge shown in figure 2 , I p is not constant and is allowed to evolve self consistently, thereby the resulting β p is varied and an IPN-IL-IPN transition sequence is manifested. In this case, β p is seems to be determined mostly by is found to be much below the measured β p . Hence a significant contribution to β p due to non-thermal electron pressure generated by energetic electrons is evident. A similar non-thermal pressure contribution to β p has also been observed in LATE [35] EC driven non-inductive current drive experiments.
EC overdriven ohmic plasma
An Ohmic target plasma is created, where I p is fed back to the OH coil power supply in order to maintain it at −30 kA ± 10%. B t is set similar to the NI case and a B z ~ 26 mT is applied with the help of all four pairs of PF coils. At 2 s of the I p flattop (see figure 4) , an EC pulse is injected from the two antennae. This resulted an increase in I p from −30 kA to −32 kA in less than 0.3 s. Due to the feedback circuit, the OH coil current is reversed transiently to produce a retarding electric field (positive loop voltage V L ) in order to bring back I p to the feedback value. The recharging phenomenon of the OH circuit in this case is transient only during ECW injection at t = 2 s, however, sustained recharging with a significant EC overdriven plasma has also been obtained in the later part of the discharge by suitable equilibrium control discussed later in this section. At present we focus our attention on the initial phase (t = 2-2.2 s) of plasma transformation due to the ECW injection. The reconstructed magnetic flux contours just before (t = 1.95 s, OH) and after (t = 2.18 s) the EC injection are shown in figure 4. It can be seen that the plasma configuration is changed from IL during the OH phase to IPN in the EC phase, which is strikingly similar to the NI plasma discussed in section 3.1. A tangentially viewing visible camera [36] image also confirms such transition in configuration, where the separatrix strike points on the inboard water cooled limiters are clearly seen as depicted in figure 5. During this transition phase, β * p shows an increment from 3 in the OH phase to ~4.5 in the EC phase in <0.18 s. In order to maintain this high β p plasma in equilibrium, B z is increased from 26 mT in the OH phase to 33 mT during the EC phase, or else I p is not sustained. The B z increment and ramp rate are carefully adjusted to sustain the plasma. The requirement of high B z is also evident from the fact that, the increased pressure gradient (∇ = × ) p j B needs to be balanced by enhancing B at a fixed I p .
The R in distinctly shows that it has moved inside the vacuum vessel up to 0.4 m in the EC phase. The magnetic axis (R axis ) also shows an outward shift at the onset of the EC and remained outwardly shifted in the entire EC phase of the discharge. The outward shift of the magnetic axis is also confirmed from the density (n e ) profile measured by Thomson scattering shown in figure 6 . The radial profile shows the peak n e is shifted from 0.48 to 0.64 m as a result of high β p . This agrees reasonably well with the magnetic axis at 0.7 m deduced from the magnetic measurements within the experimental uncertainties. The kink safety factor (q* = πεa (1 + κ 2 ) B 0 /μ 0 I p ) [12] shows a sharp drop from 4 during the OH phase to slightly above 1 in the EC phase. The sharp reduction of q* is primarily due to the reduction of a, larger R 0 and reduced B 0 due to the outward shift of the plasma column. Nevertheless, excluding the initial minor disruption in I p during the IL to IPN transition phase, the discharge remains stable for over 1 s from t = 2.5 s at low q*.
A number of plasma parameters like κ, ε, R in and normalized Shafranov shift (Δ/a) are investigated as a function of applied B z and resulting β * p during the OH and EC phases. We have taken a large number of discharges to find out the mean and standard deviation (σ) of these measurements and they are plotted in figure 7 , which shows the high reproducibility (thin shaded region) of these discharges. It can be seen that β * p increases almost linearly with B z , while at a very high value of B z , we have noticed frequent minor disruptions in I p . The β ∼ * B z p relationship remains very similar to that in the NI plasma case, however, it can be seen that εβ p (l i is assumed to be unity and not varying in the EC phase) is peaked at B z = 26 mT corresponding to an optimum equilibrium configuration. It is also important here to mention that I p is roughly kept constant at −30 kA ± 10% by the OH feedback system for the entire β * p range obtained in all these discharges and hence we can compare figures 7(a) and 3(a) easily in the range of B z /I p = 0.8 to 1 × 10 −6 T A −1 . As β * p is increased beyond 2.5, R in is moved from the limiter (R = 0.22 m) into the vacuum vessel allowing a natural separatrix formation, which further moved radially outward linearly with β * . p With ECW injection, Δ/a increased from 0.5 during the OH phase to 0.57 in the EC phase, which later remained constant at higher β * .
p During the IL to IPN transition phase, κ is reduced dramatically (figure 7 (c)) from 0.68 to 0.6 at the onset of ECW to become an oblate shape and then saturated quickly prohibiting the plasma shape from becoming further oblate at higher β * .
p On the other hand, ε does not vary too much before the transition phase but once the IPN is formed, it declines linearly with β * .
p These suggest that with ECW injection, the plasma first became oblate and then this oblate plasma moved outward as β * p increased further. If we notice figure 7(b) , εβ p initially increased until the 
s (OH) 2.1 s (ECW)
IL to IPN transition phase (broken vertical lines) and encountered some kind of limit. After the transition, it started to decrease and allowed the plasma equilibrium to be sustained by modifying its shape by decreasing ε ( figure 7(d) ). In addition to this, these plasmas also exhibit one more self adjustment feature described in section 4. As mentioned earlier in this section, under the specific conditions of equilibrium control, significant recharging of the OH circuit and an overdriven ECCD plasma is observed in this experiment. Figure 8 compares two such discharges in OH feedback experiments with similar experimental conditions. At the onset of the ECW power to the OH target plasma, a transient recharging and IL to IPN transition is observed at t = 2 s, which is a usual feature in all these discharges. However, if β p increased up to
, then I p does not sustain and starts to reduce with the reduction of plasma a and q* as shown in figures 8(b) and (g). In this particular scenario, the plasma switches to an IPN configuration at t = 2.5 s and does not exhibit strong recharging as can be seen in the other discharge, where β p remains below β . c p In the second case when β p remains below β , c p a does not shrink and q* remains above 3. This set of discharges shows strong OH circuit recharging at t ~ 3 s with a steady increase in I cs to control increasing I p beyond the feedback level. Nevertheless, I p continues to increase and ultimately I cs reaches an upper limit and then the discharge is terminated as per a preprogrammed safety interlock. In the discharge, where the recharging phenomenon has occurred, the plasma remains in the IL configuration from t = 2.3 s until the end of the discharge.
Summary of high β p IPN plasma
Now we summarize the high β p discharges from both the NI and OH experiments discussed in the previous sections. First, we investigate the dynamics of high β p plasmas based on a simple force balance relation. In figure 9 (a), β * p contours are plotted in the I p -R 0 B z plane as defined by equation (1) , where 14 equispaced lines are drawn from β * p = 2 to 15. Time trajectories in NI and EC driven OH discharges are plotted for different time segments. Similarly, pressure evolution can be depicted by rewriting equation (1) as plane. Though the value of G and R 0 are not constant in our case, we take the averaged value of G = 1.9 and R 0 = 0.6 m for the two trajectories of p. For the NI case, p increased very fast during the I p ramp-up phase due to the contribution of energetic electron driven non-thermal pressure and quickly saturated at ~210 Pa. This fast ramp up in p is much faster compared to similar observations in LATE NI discharges [35] . β * p evolves to ~15 during this ramp up phase and then is reduced to ~2 as seen from figure 9(a). This reduction in β * p is simply ascribed to the enhancement in the magnetic pressure term. For the case of an ECW injection in OH plasma (red trace in figure 9(b) ), the rise in p is much higher than the NI case. Thus with external I p control, the plasma pressure could be increased 3 times compared to that without the control at a similar injected EC power. This additional increase in p is due to the contribution of the non-thermal pressure (<p> hot ) component of energetic electrons during the ECW injection. During this time <p> hot increases by a factor of >4 and μ B /2 p 2 0 increases by a factor of 2 albeit the fixed I p , primarily due to the reduction of the plasma boundary during the IPN formation. Thus β * p is increased by a factor >2 as seen in figure 9(a) .
Secondly, to demonstrate the role of β * p on the IL to IPN transition, all the high β p plasma discharges from NI and EC overdriven OH plasmas are summarized in figure 10 . In the case of NI plasmas, β * p scales as − I , p 1 independent of the configuration and a transition discriminates IPN and IL at I p ≅ 25 kA. Such a transition has not been observed in a similar high β p LHCD plasma in Versator-II [10] , where an analogous relationship between β * p and I p has been observed. However, we found that when I p is kept below this critical value of 25 kA, the IPN plasma is self sustained for more than 600 s [38, 39] without any natural transition to IL, corresponding to only region-I shown in figure 10(a) . It may be noted that, the IPN formation is limited to the region-I, while the region-II consists of the IL configuration and accessibility to the region-III at higher I p is not achieved under the present NI plasma conditions. Meanwhile, accessibility to the region-III from II ( figure 10(a) ), which was otherwise not possible in NI plasma, is demonstrated by keeping I p constant in the OH target plasma. In this scenario, β * p is promptly increased in the EC phase and causes a transition from IL (region II) to IPN (region III) at I p = 30 kA ( figure 10(a) , shown by a solid arrow). This increase in β * p is consistent with the increase in p shown in figure 9(b) . Although ECW injection into the OH target plasma with I p > 30 kA has been carried out, IPN equilibrium is only formed by reducing I p to the 30 kA level by itself as shown by a broken arrow in figure 10(a) . One of the possible reasons for this observation may be due to the fact that ECW injection for the OH target plasma at I p = 40 and 45 kA is performed at a higher B t and correspondingly R fce is set at 0.54 m. Additionally, in QUEST a strong inverse ECW driven I p dependence on R fce is generally observed. Any effect of R fce on equilibrium configuration remains to be investigated further. Now let us examine the role of β * p in the IL to IPN transition. In an NI discharge, where there is no control on I p , the IL to IPN transition seems to be determined by I p as may appear from figure 10(a) . However, this transition in fact is associated with the increase in β * p > 3 at decreasing I p . The β * p value directly and I p indirectly (through B p 2 term) determines the transition in this case. This fact is again confirmed with the EC overdriven OH discharge at fixed I p . It is already demonstrated that by fixing I p in the OH discharge, additional EC power has resulted in a concurrent increase in p and β * p at an approximately constant I p ~ 30 kA, which is higher than the apparent critical value of I p ~ 25 kA in the NI case at the transition boundary. Furthermore, summarizing β * p and R in values obtained from NI and OH discharges in figure 10(b) , it is seen rather distinctly that a critical boundary at β * p ~ 3 demarcates IL and IPN regions. No such relationship is observed between β * p and I p in figure 10(a) . Hence it is concluded that there exists the critical value of β * p that dictates the IL to IPN transition in all these experiments.
Discussion on IPN equilibrium
With high β p formation, circular plasma naturally self organizes itself to reduce κ as first observed in TFTR [21, 22] , where I p is reduced in NBI heated plasma. In the present case of EC overdriven OH plasma, where β p is dominated by energetic electron pressure, similar reduction in κ is also observed. However, we found a new additional self organization feature, where the self adjustment mechanisms work on the plasma shape so as to become more negatively triangular (δ < 0). This new feature overcompensates the diminution of β p due to the reduction in κ. A simple analytic solution of the GradShafranov equation (GSE) [40, 41] is applied to investigate such aspect and this is discussed next.
For toroidal axisymmetric equilibria (independent of toroidal angle φ) magnetic field can be represented by
where ψ is the total poloidal magnetic flux and not the poloidal flux per unit radian. R, Z and φ are as defined in the usual cylindrical coordinate system. Defining ψ ( ) G as the poloidal current function 
within a particular flux surface, the GSE for such equilibrium can be expressed as,
Here, p is plasma pressure, which is a flux function. The GSE, in general, needs to be solved numerically because of its non-linearity. However, a number of powerful yet simpler models to solve GSE analytically are described in [42] [43] [44] [45] [46] [47] [48] and they have their inherent ability to choose geometrical parameters independently. We have here used the analytical solution discussed in [47] for the spherical torus plasma equilibrium in particular, given as is related to pressure gradient with a dimensionless pressure constant C, R a represents the magnetic axis and R b is a constant. ω and σ are functions of plasma geometrical parameters through some complex functions of the plasma diamagnetism factor τ. The factor τ is particularly important in spherical torus high beta plasma equilibria. For τ set to zero, equation (3) is reduced to the Solov'ev's plasma equilibrium solution. The constants in the above equation can be expressed as functions of plasma geometrical parameters ε, κ, δ [47] . at ψ ψ = b to zero. Here, both I (toroidal current) and q (safety factor profile) are flux functions and the prime denotes differentiation with respect to ψ. All these functions are obtained from the two basic surface functions U(ψ) and V(ψ) evaluated by numerical integration method.
In [47] , no constraint on I p is imposed and it is calculated self consistently. However in the present case we have forced the total I p bounded by ψ = ψ b to be fixed and is set to the measured I p in addition to the λ(ψ b ) = 0 boundary condition. By doing so we could choose the constant c 0 corresponding to the actual I p . This simplified the iteration procedure and only the optimum τ is to be found to satisfy the boundary condition. The plasma geometrical parameters ε, κ, δ, R 0 inferred from the magnetic measurements, I p measured from the Rogowsky coil and the applied toroidal magnetic field B 0 are given as the input parameters to the model. It should be noted that, while the analytic solution agrees excellently with the flux loop reconstruction at the boundary, they do not coincide well inside the plasma region. This is one of the caveats of using a simple analytic expression for an equilibrium calculation. It is also important to choose τ judiciously as it has a direct bearing on the resulting β p and plasma boundary. For a critical value of τ, a poloidal field null just appears inside the vessel, which corresponds to a critical β p for IL to IPN transition as discussed later in this section.
Once a convergence of the solution is found at the boundary, various flux functions like magnetic well W (ψ), magnetic shear, safety factor q (ψ), etc are evaluated. A magnetic well defined [47, 49] as
which is closely related to the average curvature of the magnetic field line, is believed to have an important role in the stability of the plasma. A positive W signifies that the average field curvature is in the favorable region of the equilibrium. In figure 11 , W and q for the two configurations (IL and IPN) are shown. The computed W(ψ) profile shows the presence of a finite magnetic well in the IPN plasma, which is expected due to the finite diamagnetic effect in high β p plasma. From the q(ψ) profile it can be seen that q 95 is reduced from 4.3 in IL to 1.5 in the IPN configuration and such a reduction of q during the IPN formation is consistent with the similar reduction of the measured q* during the IL to IPN transition as shown in figure 4 . Reduction of q* is observed in almost every high β p discharge with an IL to IPN transition. Nevertheless, IPN plasma remains stable for >1 s without any disruptions or MHD instabilities. The computed central q (see figure 11 ) for the IPN plasma goes below one during the transition. The absence of any confirmed severe MHD oscillations in these discharges, however, suggests that the central q may not be below unity. Considering ECW heating in low density plasma (n e_ave < 6 × 10 17 m presented here however, assumes an isotropic pressure profile. It has been shown earlier [50] that the estimation of central q can be significantly underestimated by such assumptions. The role of pressure anisotropy in the present equilibrium is left as future work. Computation of β p from the analytic model is quite intriguing, particularly in IPN plasma. The hunting for an optimum τ corresponding to a λ(ψ b ) minimum is often cumbersome in the method described in the previous section. Choice of τ is also severely constrained for arbitrary choice of input plasma shape parameters. Additionally from figure 4 and 7( f ) it is seen that as β * p increases beyond ~3 with the application of ECW, R null (=R in ) moves into the vacuum vessel and has a very good correlation with β * .
p So to study the IPN plasma and relation of β * p with R null more easily, we dwelt upon the treatment described in the [48] , where the IPN equilibria can be studied more flexibly by introducing the following transformations
where D represents plasma triangularity, E relates to plasma elongation and H is related to diamagnetism. The analytical solutions described in [47, 48] are exactly similar. However, the latter does not introduce any boundary constraint on parallel current density numerically other than a conducting limiter at the high field side, which defines the boundary in a divertor equilibrium. No parameter hunting is required in this case and the diamagnetism factor can be chosen flexibly to study different equilibria. The diamagnetic factor (H) in this case is important to describe high β p plasma equilibria. As H is increased at constant D and E values, a poloidal field null appears at the high field side. Correspondingly the critical H is defined as a function of
where the null point is just about to appear in the vacuum vessel.
In figure 12 , we have computed β * p as per the procedure described in [48] as a function of R in and D from the analytic model for various IPN equilibria corresponding to β = * H H . predicts that β p can be raised for negatively triangular shaped plasma. Negative δ has also been shown to increase εβ p for various ranges of κ discussed in [48] . It may be noted that in this model it is also difficult to find a suitable combination of parameters so as to satisfy the measured boundary flux. Equilibria calculated for β p (shown in figure 12 ) also overestimates κ as compared to the measured one. These discrepancies also arise from the fact that the model solution does not agree appreciably with the measurements inside the plasma region. Inclusion of realistic and measured pressure profiles, pressure anisotropy and plasma flow (substantially seen in IPN plasma) in the model may improve its accuracy and it is a future work. However, with these limitations such a simple analytic model qualitatively explains the experimental results.
Conclusion and future work
A high β p natural divertor configuration (IPN) is successfully formed under a high magnetic mirror ratio (M ~ 2) and high B z /B t ratio (~10%) both in fully non-inductive plasma and Ohmic plasma over driven by EC waves. The dominant contribution of non-thermal pressure generated by confined energetic electrons in generating high β p is confirmed. β p is seen to be linearly increasing with applied B z strength. Better confinement of energetic electrons at higher B z contributes to the higher non-thermal pressure. Additionally, high B z keeps the Shafranov shifted plasma in equilibrium and helps in the manifestation of a stable IPN configuration. The IPN equilibrium is a consequence of the equilibrium poloidal beta limit and the steadystate sustainment of this equilibrium limited plasma is demonstrated for the first time. The stable IPN equilibrium is possible due to self-organization features of the plasma by suitably modifying its boundary near the equilibrium β p limit and loss of equilibrium is avoided by self regulating its ε and δ. At high β p , the plasma shows enhancement of its negative triangularity, which plays an essential role to maintain high β p regardless of decreasing κ. The critical β p from the IL to IPN transition and negative δ formation has been explained well by the simple analytical equilibrium solution. The experiment supports the theoretical prediction of achieving a higher β p with negative triangularity. It should be noted that self-sustainment of the high β p IPN configuration is ascribed to self-adjusting mechanisms for plasma shape with increasing negative δ. The unique stable IPN configuration in QUEST allowed us to investigate all such scenarios. We believe that this experiment of IPN equilibrium near the β p limit may recreate interest in further work in the tokamak community for this long forgotten rare plasma equilibrium.
